Using the patch-clamp technique, we recorded single-channel currents across the excised patch of the plasma membrane of Nitellopsis. Both K and Na can pass this channel, but currents were not carried by Cl. Upon the addition of ATP or AMP to the cytoplasmic side, the frequency of channel opening decreased. This is the first report on an ATP-regulated channel in plant cells.
How do plants adapt to various environmental conditions?
When plant cells face changes in the ionic environment, the regulation of ion transport across the membrane is one of the most important factors to ensure cell survival. Previously, Katsuhara and Tazawa (7) demonstrated that extracellular Ca2" reduces the Na+ permeability of the plasma membrane in a Characeae alga, Nitellopsis obtusa. They also demonstrated that intracellular ATP regulates the Ca2"-dependent Na+ permeability in the same alga. Using the patch-clamp technique, we have now investigated the regulation of singlechannel currents across the excised patch of the plasma membrane by cytoplasmic ATP.
MATERIALS AND METHODS
A young internodal cell, grown in fresh water (6) (4) .
To investigate the effects of ATP and AMP, the bathing solution was subsequently exchanged for the low-Ca2+ solution supplemented with 1 mM ATP and AMP, respectively. For Cl-asymmetry measurements, Cl-in the bathing solution (50 mM) was replaced with organic anions (EGTA and Pipes). Single-channel currents were recorded and analyzed as described previously (5) . Briefly, single-channel currents were recorded on a VCR after low-pass filtration (1 kHz) with a patch-clamp amplifier (NIHON KOHDEN, CEZ-2200). The P0 was calculated as percentage oftotal open time ofa channel per total measuring time. The voltage on the cytoplasmic side with reference to the pipette side was defined as the membrane potential. Inward currents (from the pipette to the bath) across the patch was defined as negative and displayed downward.
RESULTS AND DISCUSSION
To make a tight seal necessary for the patch-clamp technique, we made protoplasts from the internodal cells of Nitellopsis. For this an internodal cell was first plasmolyzed and then the wall at one end of the cell was excised to expose the plasma membrane. Figure 1 shows a part of the protoplast. The patch-clamp pipette was attached to its surface. A thin peripheral layer of cytoplasm was surrounded by the outer boundary of the plasma membrane and the inner boundary ofthe tonoplast. The presence ofactive cytoplasmic streaming is indicative of the intactness of the protoplast. An inside-out patch was prepared by drawing the patch pipette from the plasma membrane in a solution containing a low Ca2+ concentration (4). The inside-out patch allows us to control the cytoplasmic ATP concentration. Mg2+ was absent throughout the experiments in the cases where the effect of free-ATP was studied. patch-pipette was loaded with a solution containing 10 mM Ca2", enough to reduce the Na' permeability in the plasma membrane of intact cells (6, 7) , and 100 mM Na'. In the excised patch, a high activity of channels was observed in the absence of ATP. However, upon the addition of 1 mm ATP to the cytoplasmic side, frequency of channel opening decreased, while the unitary conductance remained the same. The total open time (8-34% in control) was reduced to less than 2% by ATP. The number of ion channels in a pipette varied from zero to two. This indicates that the density of channels is 0.1 to 1 ,um-2 in the plasma membrane. Figure 3 shows the current-voltage relationship. Even when Cl-in the bathing solution was replaced with organic anions, the I-V curve hardly shifted. This indicates that the observed currents are not carried by Cl-. Coleman (1) recorded single Cl-channels only in the cell-attached mode in the Chara plasma membrane. We could not detect Cl-channels in the excised Characean plasma membrane.
AMP given on the cytoplasmic side of the patch can also close channels in a manner similar to ATP (Fig. 4) , indicating that the suppression of channels by ATP does not require hydrolysis of ATP. This idea is supported by the fact that ATP is still effective in the absence of Mg2+.
The permeability ratio between Na' and K+ (PNa/PK) can be calculated from the reversal potential (Erev) using Goldman's equation: and the reversal potential with -15 mV (Fig. 3) , a was calculated to be 0.28. This means that the observed channel is a K+ channel, and Na+ can also pass this channel with the permeability of one-quarter that for K+. The conductance of the observed channel was 25 to 50 pS, which is similar to conductance of most K+, Na+, and Ca' channels found in animal plasma membranes (1 1). This value is, however, about half of the conductance of K+ channels in Chara plasma membrane (79-119 pS) estimated by using conventional microelectrode method (9) . It remains unknown whether this discrepancy comes from the difference in plant species or from inadequate assumptions for the channel density and others made by Ohkawa et al. (9) in order to calculate the channel conductance.
ATP-regulated K+ channels were first reported in cardiac muscle (8) and they are widespread in animal cells (2, 3, 10) . We found here a similar channel for the first time in plant cells. In animals cells and in Nitellopsis, the hydrolysis of ATP is not involved in the suppression of channels by ATP.
There is similarity between the properties of the channel found in this study and the membrane characteristics of Nitellopsis cells in response to salt stress. First, the reversal potential of ATP-regulated channels (-15 mV) is close to the membrane potential of the salt-stressed cell (-30 mV) (6) . Second, channel currents are inhibited by ATP, while the Na+ influx across the plasma membrane is also suppressed by cytoplasmic ATP (7). Third, AMP substitutes for ATP both in tonoplast-free cells (7) and in ATP-regulated channels.
Can the conductance of ATP-regulated channels observed here quantitatively account for the Na+ influx in salt-stressed cells? For this calculation, the following assumptions were made: (a) Em is -100 to -50 mV, which are the values in the initial phase of response to salt stress (6) . (b) The opening probability is 10 to 30% (Fig. 2) . (c) The density of channels is 0.5 per square micrometer. Based on these assumptions, the influx of Na+ was calculated to be 1 -6 x 10-6 mol m-2 s-'. This rate matches and is high enough to explain the Na+ influx observed in salt-stressed tonoplast-free cells (0.6 -1.6 x 10-6 mol m-2 s-'; 7). These facts suggest that the ATPregulated channels observed here provide a molecular basis for the mechanism of salt stress-induced Na+ influx in Nitellopsis.
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